The authors report the growth of high-density single crystalline ZnO nanowires on patterned ZnO : Ga/ SiO 2 / Si templates, Pd adsorption on nanowire surfaces, and the fabrication of ZnO nanowire-based ethanol gas sensors. With Pd adsorption, it was found that measured sensitivities of the ethanol gas sensors increased from 18.5% to 44.5% at 170°C and increased from 36.0% to 61.5% at 230°C. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2757605͔
nanoparticles, 5 and one-dimensional nanowires, 6 have all been demonstrated. Among these forms, one-dimensional ZnO nanowires are particularly useful due to their large length-to-diameter ratio and large surface-to-volume ratio. ZnO nanowires can be synthesized by various methods. [7] [8] [9] [10] Very recently, we reported the growth of ZnO nanowires on Zn:Ga/glass and Si-based templates by two step oxygen injection method without catalysts. [11] [12] [13] Gas sensing properties of these ZnO nanowires have also been reported. 14, 15 It is known that the presence of noble metal elements ͑Pt, Pd, Au, etc.͒ on the surface of metal oxide can enhance the interaction of reducing gas with the absorbed oxygen on the surface. 16 For nanowire-based sensors, however, we need to disperse the noble metal elements on the surface of the nanowires. In this study, we report the growth of high-density ZnO nanowires on patterned ZnO : Ga/ SiO 2 / Si templates and the adsorption of Pd on nanowire surfaces. Sensing properties of the Pd adsorbed ZnO nanowires to ethanol gas will also be discussed. Figure 1 schematically represents the growth and processing steps used in this study. We thermally oxidized a Si substrate to form a 500-nm-thick SiO 2 film and then deposited a 100-nm-thick Ga-doped ZnO thin film by rf magnetron sputtering. X-ray diffraction measurement showed that the sputtered ZnO:Ga film was oriented along the ͑002͒ direction. Four-point resistivity measurement indicated that sheet resistance of the sputtered ZnO:Ga film was around 200 ⍀ / sq. We then partially etch the ZnO:Ga film away and defined the comblike pattern. We designed the etching mask to make the fingers of the pattern 10 m wide and 80 m long with a spacing of 10 m. We then placed the substrate and 99.9% pure zinc metal powder on an alumina boat and inserted them into a quartz tube. Argon and oxygen gases were then introduced into the reaction system. The argon flow rate and the chamber pressure were kept at 54.4 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ and 10 Torr, respectively, throughout the growth. The growth of ZnO nanowires proceeded in two steps. In the first step, the temperature was ramped up at 30°C / min. Initially, only Ar was introduced into the furnace. When the temperature reached 450°C, we streamed oxygen gas into the chamber at a flow rate of 0.2 SCCM. When the temperature reached 700°C, we terminated the temperature ramping process and kept the chamber temperature at 700°C. The total growth time was 40 min.
To adsorb Pd, we prepared ethanol solution of palladium chloride ͑PdCl 2 ͒ with ethanol: PdCl 2 = 1000: 1 in a square alumina bath. We immersed the ZnO nanowire samples in the solution and placed the alumina bath in a Kinsten KVB-30D UV box. Subsequently, the solution and the alumina bath were irradiated by UV light for 4 min. During irradiation, the UV wavelength and the UV power were kept at 380 nm and 100 W, respectively. Finally, the samples were annealed at 480°C for 1 h in Ar ambient. Detailed mechanism of Pd adsorption on ZnO surface has been reported by Yoshiki et al. 17, 18 In brief, Pd 2+ will react with oxygen atoms in ZnO and adsorb at kink sites of the nanowire surface when ZnO starts to dissolve in acidic PdCl 2 solution. 17 Under UV irradiation, Pd 2+ will then be photocatalytically reduced to Pd 0 by electrons in the ZnO conduction band produced by UV absorption. was found that ZnO nanowires grown on ZnO:Ga were vertically well aligned due to the fact that these nanowires were grown along the columnar grains of the underneath ZnO:Ga film. It was also found that the length and the diameter of these ZnO nanowires were 3.5 m and 50 nm, respectively. 11, 19 Figures 2͑b͒ and 2͑c͒ show enlarged SEM photographs of the ZnO nanowires grown on SiO 2 spacers without and with Pd adsorption, respectively. It can be seen that ZnO nanowires grown on SiO 2 spacers were randomly oriented. 15 Notably, these randomly oriented ZnO nanowires provide electrical paths between the neighboring fingers. Thus, the fingers were no longer electrically open. It should also be noted that surface of the ZnO nanowires shown in Fig. 2͑b͒ is unstained ͑i.e., pure ZnO nanowires͒. In contrast, small particles on the nanowire surface can be clearly seen in Fig. 2͑c͒ . Figure 2͑d͒ shows energy dispersive x-ray ͑EDX͒ spectrum measured from the center of yellow circle shown in Fig. 2͑c͒ . It can be seen that we observed a clear Pd peak while no Cl-related signal was found. Such a result indicates that we have adsorbed Pd onto the nanowire surfaces. It should be noted that the Pt signal shown in the figure is related to the use of Pt during SEM measurement; the C signal is related to the contamination during sample preparation while the Si signal should originate from the substrates.
To measure gas sensing properties, we placed the test sample in a sealed chamber and measured the resistivity in air from the two electrodes of the patterned ZnO:Ga film ͑i.e., Ra͒. We then injected ethanol gas into the chamber and measured the resistivity of the sample again in the presence of ethanol gas ͑i.e., Rb͒. We defined the sensitivity of our sensors as ͑͑Ra− Rb͒ /Ra͒ ϫ 100%. With this definition, we first measured sensitivities of the fabricated nanowire sensors 
053111-
with 500 ppm ethanol gas. As shown in Fig. 3 , it was found that measured sensitivities were 18.5%, 22.5%, 24.0%, and 36.0% for the pure ZnO nanowire sensor operated at 170, 190, 200, and 230°C, respectively. It can be seen clearly that sensitivity was enhanced when the temperature was increased. For the ZnO nanowires with Pd, it was found that measured sensitivities were 44.5%, 52.5%, 53.0%, and 61.5% when the sensor was operated at 170, 190, 200, and 230°C, respectively. For ethanol gas sensing, it is known that oxygen sorption plays an important role in electrical transport properties of ZnO nanowires. It is also known that oxygen ionosorption removes conduction electrons and thus lowers the conductance of ZnO. Thus, the conductance of ZnO nanowires will increase as ethanol gas, is introduced into the test chamber due to the exchange of electrons between ionosorbed species and ZnO nanowires. 20, 21 With Pd on ZnO nanowire surface, O 2 molecules dissociate and generate chemisorbed oxygen species much rapidly due to the enhanced interaction by Pd. 21 We can thus achieve a much larger sensitivities observed from the ZnO nanowires with Pd. Figure 4 shows sensitivity variations of the ZnO nanowires with Pd upon exposure to ethanol gas injection and pumping. These measurements were performed by injecting various amounts of ethanol gas into the sealed chamber at 230°C ͑note: the amount of ethanol gas was accumulative͒. Using the same definition, it was found that measured sensitivities were around 8%, 23%, 42%, 46%, 51%, and 61.5% when concentrations of the ethanol gas were 5, 10, 50, 100, 200 and 500 ppm, respectively. In other words, sensor response increased when the ethanol gas concentration was increased. It was also found that measured device resistivity and thus sensor sensitivity responded rapidly as we injected ethanol gas into the chamber and pumped them away. Such a result indicates that the response speed of the fabricated sensor is also good.
In summary, we report the growth of high-density single crystalline ZnO nanowires on patterned ZnO : Ga/ SiO 2 /Si templates, Pd adsorption on nanowire surfaces, and the fabrication of ZnO nanowire-based ethanol gas sensors. It was found that resistivity of the fabricated sensor decreased while the sensor response increased as we increased the ethanol concentration and operating temperature. Compared with pure ZnO nanowires, it was found that sensor response of the ZnO nanowires with Pd adsorption was much larger.
